Autolmmunlty is known to Increase in aging. A possible factor could be an alteration In the T cell repertoire with advancing age. Antibodies to the variable region of the p chain of the TCR activate T cells and can serve as probes for analysis of the T cell repertoire. We have used Vp3 and V p 17a antibodies to determine the presence and functionality of normally deleted T cells bearing potentially self-reactive TCR In peripheral lymphoid tissue and blood from aged (SJL/J x BALB/c) F-,, LAFi and BALB/c mice. Although an occasional 20-to 24-month-old mouse exhibited V p 3 + or Vp17a + T cells in their lymph nodes or peripheral blood lymphocytes (PBL) slightly above the range for normal young mice of these I-E + strains, there was no striking 'escape' from the normal thymic deletion process. However, responsiveness to antl-V p 3 and anti-Vp17a was slightly higher In aged, and particularly In aged thymectomized (TX), than In young mice. This was in contrast to prollferative responses to stimulation with antibody to the normally expressed Vp8, which were lower in the lymph nodes from aged than from young mice. The PBL of some 30-to 36-month-old mice were also examined. Enhanced numbers of 'forbidden' Vp bearing T cells were seen more frequently at this age. In spite of the age-related decrease In overall CD4/CD8 T cell ratios In all organs, the mice with relatively high Vp17a + T cells exhibited proportionally more CD4 + cells In that Vp population. We conclude that the 'forbidden' T cells that respond to antl-Vp stimulation in the 20-to 24-month-old mice are most likely of extra-thymlc origin, since they were more readily detectable in aged TX mice. Potentially self-reactive CD4 (and CD8) single-positive T cells were detectable In PBL only in very aged (30-36 months old) euthymic mice.
Introduction
Age-related alterations in the immune function include changes in lymphocyte subset composition, reduction in primary and secondary humoral and cellular immune responses, and an increase in the incidence of autoimmune diseases (1). Thymic dysfunction has been postulated to be a primary event in the immunosenescence seen with advancing age (2). However, Gonzales-Quintial and Theofilopoulos (3) report that the thymic Vp repertoire remains stable throughout life despite severe reduction in cellularity and thymic output in the aged thymus. Indeed, T cells seen in the periphery of aged animals are not necessarily long-lived quiescent thymus-derived cells, but often represent T cells that continue to proliferate in the periphery (4), and can also represent population(s) of T cells that originate in peripheral organs.
Although the thymus is the principal organ for T cell differentiation, it is certainly not the only site. Many reports document the existence of Thy-1 + cells in congenitally athymic mice and their number increases with age (5,6). Both the intestinal epithelium and the liver have been proposed as sites of extrathymic T cell production and selection (7-11). In fact, grafts of murine small intestine into athymic irradiated and bone marrow reconstituted mice can direct T cell development of the bone marrow stem cells (12). Poussier et al. (8) have demonstrated that thymectomized (TX) fetal liver radiation chimeras generate intestinal epithelial lympho-cytes (IEL) in normal numbers in the absence of the thymus. These studies demonstrate that the liver and intestinal epithelium are thymus-independent sites of T cell lymphopoiesis. However, the lower numbers of 76 and ap IEL in athymic as compared with euthymic mice and the effect of fetal thymus grafts suggest an influence of the thymic stroma on the peripheral development of TCR + IEL (13) . Neonatally TX adult mice contain in their peripheral tissue autoreactive T cells (14) . Whether these cells are thymocytes that escaped clonal deletion in the neonatal thymus or represent autoreactive T cells of extrathymic origin is not yet clear. It has been shown that extrathymic ap T cells have high frequencies of potentially self-reactive T cells (7, 8, 15) . Nevertheless, both IEL expressing potentially autoreactive MHC class ll-dependent/specific TCR and MHC class l-restricted TCR can undergo in situ negative selection (8, 16 ).
There is a gradual expansion with age of the extrathymic pathway'of T cell differentiation in the liver (11, 17) In fact, the hepatic pathway of T cell differentiation is in its most activated state in aged mice with involuted thymi and in congenially athymic mice (15, 18) . A major population of extrathymic T cells seen in the periphery of aged mice seems to comprise cells of hepatic origin (17) . Although IEL are known to show an age-dependent increase in their cell number (19), they do not often appear in the circulation or in peripheral organs (8, 20) .
Reconstitution of the peripheral T cells in y-irradiated rats by bone marrow from syngeneic donors is impeded by cyclosponn A (CsA) treatment (21, 22) . After termination of CsA treatment, autoreactive T cells appear in the periphery (23) , presumably as the result of impaired repertoire selection in the thymus (23, 24) . This phenomenon has been attributed to defective expression of MHC class II on the medullary dendritic cells (23, 25) . In view of the lower expression of MHC class II on thymic epithelial cells (26) and on epidermal dendritic cells in aged mice (27) , a defect in the thymic selection mechanism in aged mice might occur. The findings to date, however, suggest that the thymus retains its function in positive and negative selection throughout life, and that thymic involution is not overtly associated with leakage to the periphery of potentially self-reactive T cells (3).
The present studies were undertaken to evaluate not only the presence of 'forbidden' T cell clones in aged mice by detection via their Vp expression, but also their possible functional activity after stimulation with anti-Vp and IL-2. The results show that responsiveness to stimulation of T cells that should have been deleted is more frequently detected in TX than in euthymic aged mice.
Methods

Mice
SJL/J and LAFi mice were purchased from the Jackson Laboratory (Bar Harbor, ME), BALB/c mice from Charles River (Wilmington, MA). BALB.B mice and all F, hybrid mice used were bred and allowed to age in the animal facilities of New York University School of Medicine. Animals with tumors were excluded from the studies. Thymectomy was performed on SJL/J and SJL/Jx BALB/c (SxB) F, mice (4-6 months old) under nembutal (60 ng/g) anesthesia The thymus was removed by suction (28) . TX and sham-TX mice (NL) were killed 16-20 months later.
Analysis of cell surface markers by flow cytometry
Peripheral blood was collected in an eppendorf tube containing heparin. Mononuclear cells were separated by Lympho-Paque density gradient centrifugation (Nyegaard & Co., Oslo, Norway) Cell suspensions were prepared from pooled axillary and brachial lymph nodes (LN), spleen and thymus of individual mice. Cells were stained with a combination of three different munne mAb. The staining buffer used consisted of PBS with 1% BSA, 0.1% sodium azide and 10 mg/ml human y-globulin (to block Fc receptors). The FITClabeled antibodies were anti-Thy-1. 
Stimulation of T cells
Unlabeled anti-Vp17a, anti-Vp3 and anti-Vp8.1 were diluted in RPMI 1640 (Bio-Whittaker, Walkersville, MD), at the following concentrations: anti-Vp3, 40 (ig/ml, anti-Vp8.1, 1 ng/ml and anti-Vp17a, 2 ng/ml. These concentrations gave optimal responses in cells from SJL/J mice which express the Vp3 and Vp17a genes and in cells from (SxB) F, mice which express the Vp8 gene. Flat-bottom 96-well microtiter plates (Linbro, McLean, VA) were coated with 50 nl of the antibodies per well and left to incubate at room temperature for 1-2 h. At the end of the incubation, the wells were washed twice with RPMI 1640 to remove the non-adherent mAb. Control wells were not coated with antibodies.
Single cell suspensions were prepared from the spleen and from pooled axillary and brachial LN of individual mice in RPMI 1640 supplemented with penicillin and streptomycin, 2 mM L-glutamine, 10 mM HEPES (Bio-Whittaker), 5x1 CT 5 M 2-mercaptoethanol (BioRad, Richmond, CA) and 10% fetal bovine serum (Atlanta, Norcross, GA). Cells were cultured at a concentration of 10 5 per well in triplicate wells for 72 h in a 37°C CO 2 incubator. The cultures were pulsed with 0.2-1 (iCi [ 3 H]thymidine for the final 18 h, harvested on glass fiber filters and radioactivity was determined in a liquid scintillation counter. In most cases responses were measured in the presence of 10 U/ml recombinant human IL-2 (generously donated by Hoffmann LaRoche, Nutley, NJ). However, in experiments where responses were measured with and without added IL-2, no significant differences were observed. 
Statistical analysis
The significance of differences was determined by x 2 Student's f-test. In analyzing the results for Vp3 and Vp17a staining in peripheral blood, the background levels and the variation observed with V p 17a staining from young mice was slightly greater than that seen with Vp3 and V p 11 staining. We designated the level above which Vp3, Vp11 or Vp17a bearing T cells were detectable above background as >1% for Vp3 [mean + 2 SD for (SxB) F,, mean + 3 SD for LAF,], >1% for V p 11 (mean + 2 SD for BALB/c) and >2% for Vp17a [mean + 2 SD for (SxB) F, and LAF,]
Results
Proliferative responses induced by anti-Vp antibodies
The functional activity of Vp3 and Vp17a expressing T cells in LN from young and aged (NL and TX) LAFi and (SxB) F,
Self-reactive T cells in aging 389
mice was examined by determining the proliferative responses to anti-Vp3 and anti-Vp17a. Approximately 20-40% of the mice in each experimental group had received two i.p. injections of 10 7 p.f.u. of vaccinia virus (33), 2-4 weeks before analysis. Results obtained with vaccinated and unvaccinated mice were taken together, as there were no significant differences between these groups.
There was a very low incidence of significant staining above the background of 1% for V p 3 and 2% for V p 17a in LN from both aged and young LAFi mice. Nevertheless, while none of the young LAF, mice showed significant proliferative responses (stimulation index > 1.4) in their LN and spleens, several of the aged mice did (Table 1 ) Taken together, responses were seen in 20-30% of LN and 30-40% of spleen cultures from aged (NL + TX) mice to each of anti-Vp3 and anti-Vp17a. In spite of the large variation in these stimulation indices, the mean stimulation index observed with LN from aged TX was significantly higher than that observed with Values with like superscripts were evaluated for statistically significant differences. 1 P = 0.005, 2 P = 0.05; 3 P < 0 02; A P < 0.03 7.2 (7) 11.4(7) 2 3(5) 1 0 ± 0 1 (7) 1.1 ± 0.2(8) 1.5 ± 0.9(5) 1.1 ± 0.2(7) 1.3 ± 0.3(8) 2.2 ± 1.4(5) 6.6 : 2.7 i 3.1 1 0.9 i 0.9 = 1.4 i 1. + T cells percentages in young and aged mice is significant; P < 0 0001 for both strains. c Given n is for CD4/CD8 measurements. For Vp measurements in these Yg and aged NL LAF, mice: n = 5 and 11 (Vp8), 7 and 10 (Vp3), and 8 and 16 (Vp17a) respectively. For Vp measurements in these Yg and aged NL SJL x BALB/c mice: n = 12 and i2 (Vp8), 11 and 13 (Vp3), and 11 and 14 (V p 17a) respectively aged NL LAF, mice. Responsiveness to these two anti-Vp antibodies, taken together, increased with age in both normal and TX LAF, mice (0/20 versus 11/48, P = 0 03).
There was no clear correlation between the presence of Vp3 + or V p 17a + CD4 + or CD8 + T cells and responsiveness to anti-Vp3 or anti-Vp17a in individual mice. Although the highest Vp3 staining (CD4/CD8 ratio of 6.2) was seen in the LN of an anti-Vp3 'responder' mouse, the other anti-Vp3 responder did not have detectable staining over background Responsiveness to anti-Vp17a also did not reflect the presence or absence of V p 17a + T cells in LN CD4"CD8~ V p 3 or V p 17a bearing T cells were frequently detected in LN from aged TX mice but, again, their presence seemed relatively unrelated to responsiveness Cells from none of the young (SxB) Fi mice exhibited staining above background for Vp3 or Vp17a or responsiveness to anti-Vp3, while LN cells from one of the seven mice examined responded to anti-Vp17a (Table 2) . Very little reactivity to anti-Vp3 or anti-Vp17a was detected in tissues from aged NL mice as well. However, the mean stimulation indices in LN or spleen cells from aged TX mice were high as compared with those for young or aged NL (SxB) F, mice for both anti-Vp3 and anti-Vp17a. Since not all the TX mice exhibited significant responses in their LN, the standard deviation for LN responses was high; the difference between aged NL and aged TX mice therefore only reached statistical significance for the spleen responses to anti-Vp3. Tissues from aged TX (SxB) F, mice exhibited responsiveness more frequently than did tissues from aged NL (SxB) F, mice (3/32 versus 9/20, P < 0.01), but this difference between TX and NL mice was not obvious in the LAF, mice.
As in LAF,, staining for Vp3 and responsiveness in the LN of (SxB) F, mice did not correlate. One aged mouse with 1.8% Vp3 + T cells (CD4/CD8 ratio of 16) showed responsiveness in spleen, but not in LN. Similarly, although 60% of the TX (SxB) F, mice had significant responses to anti-Vp17a in LN (Table  3) , none exhibited staining for Vp17a above background.
In contrast to the responsiveness to the other anti-Vp antibodies, responsiveness to anti-Vp8, normally present in these strains, decreased with age (Tables 1 and 2 ). This was evident in spleen cultures from both strains examined and also in LN from LAF, mice.
Effect of age on T cell subsets in different organs
The enumeration of CD4 + and CD8 + T cells in PBL, spleen and thymus of (SxB) F, (Fig 1a) and LAF, (Fig 1b) and in LN (Table 3 ) reveals a marked decrease in CD4 + T cells in PBL and LN, but not in spleen or thymus The Vp8 + T cell percentages in LN decreased in parallel with the CD4 + T cells (Table 3) . However, the age-related decrease in responsiveness to anti-Vp8 appeared out of proportion to the decrease in Vp8 + T cell percentages (Tables 1-3 ). In aged TX LAF, mice, the decrease in both CD4 + and Vp8 + T cells was more marked than in aged NL mice However, in aged TX (SxB) F, mice the decrease in total T cell percentages, as compared with aged NL mice, appeared due to a decrease in CD8 + T cells rather than in CD4 + T cells.
The percentages of CD8 + T cells remained constant with age in spleen, LN and PBL. There was no significant change in the normally very low percentages of CD4 + CD8 + [double positive (DP)] T cells in peripheral lymphoid tissues. As expected, the percentages of CD4 + CD8 + T cells in the thymus decreased with age, more so in (SxB) F, than in LAF, mice Nevertheless, in LAF, mice, the total number of thymocytes recovered per thymus was 3-fold less in aged than in young mice.
The CD4 + to CD8 + T cell ratios in PBL and LN decreased with age and also showed some differences between strains (Fig 2) . Although in young mice, the distribution of T cells among PBL and LN differed between these two F, hybrids, in 20-to 24-month-old mice the CD4/CD8 ratios were significantly lower than in the young and much more similar in the two strains Young (SxB) F,, and both parental strains, SJL and BALB/c mice, exhibited >60% T cells and <25% B cells (not shown) in their PBL, while young LAF, mice had only 41% of T cells (Table 4) . There was an age-related decrease in T cells in all strains examined of > 10% by 30 months of age.
Presence of potentially self-reactive T cells in the peripheral blood from very old mice
The PBL of these mice was also examined for the presence of T cells that normally undergo deletion in these strains, such as V p 3 + , V p 11 + and V p 17a + T cells (Table 4 Rg. 1. Effect of age on the percentages of T cell subsets in lymphoid tissues. Mononuclear cells from thymus, spleen and PBL were obtained from young and aged (SxB) F, (a) or LAF, (b) mice. Samples were double stained with anti-CD4-PE and anti-Ly-2-FITC n = 2-3 for spleen and thymus, and 6-17 for PBL. The differences between the percentages of CD4 + T cells in PBL of young and aged mice are significant: P = 0.01 for (SxB) F, and P < 0 0001 for LAF, mice. seen in 18-to 24-month-old mice. For Vp3 and Vp11, where 3=1% was considered high, 60% of 20-24 months old (SxB) F, mice exhibited >1% V p 3, but none of the LAF, or BALB/c mice showed escape for Vp11 or Vp3 at that age. In 30-month-old BALB/c mice, however, the overall percentage of Vp11 + T cells was significantly higher than in young mice.
The presence of >2% of V p 17a + T cells in the peripheral blood was seen in only <10% of 2-to 6-or 20-to 24-month-old (SxB) F, or LAF, mice, but in 70% of 30-to 36-month-old (SxB) F, mice and in 33% of 30-month-old LAF, mice. This increase between the ages of 20-24 and 30-36 months was highly significant (P = 0 002). The intensity a Determmed with anti-Ly-1, all the others were done with anti-Thy-1. b lncidence of mice exhibiting >2% Vp17a + cells in PBL in parentheses incidence of mice exhibiting >1% of this Vp bearing cells in parentheses •typii, all the others in this column are Vp3. "VpS in SJLxBALB/c mice were 8.7 ± 0.9 (4) at 2-3 months and 7.4 ± 3.1% (9) at 20-24 months, values with like superscripts were evaluated for statistically significant differences: 'P < 0.005; 2 P = 0 0005, 3 P < 0.0001, "P < 0.03, 5 P = 0.05; 6 P < 0.005 h;he CD4/CD8 ratios of V p 17a + T cells examined in three of the 30-36-month-old mice exhibiting >2% Vn17a + T cells were 1.4, 2.0 and 68 These ratios for Vp3 + cells in 20-to 24-month-old mice exhibiting >1% Vp3 + T cells were 3.2 ± 0.7 (n = 5) as compared with an overall CD4/ CD8 ratio for PBL from aged (SxB) F, mice of 1.3 ± 0 4 (n = 11).
of staining with anti-Vp17a was somewhat lower in the aged F, mice than in young SJL mice, suggesting that these cells were T cells with intermediate TCR expression.
We have no information concerning the responsiveness to anti-Vp stimulation of the Vp17a + T cells in PBL from very old mice owing to the low numbers of such cells available for study. However, we did examine the CD4/CD8 ratios within the Vp3 + and Vp17a + T cell subpopulations to determine whether the occasional increase in their percentages in aged mice was primarily due to the CD4 + or CD8 + T cell subset. The CD4/CD8 ratios of the V p 3 + or Vp17a + T cells found in a few representative 20-to 24-month-old (SxB) F^ mice with higher than background levels of these cells were higher than the overall CD4/CD8 T cell ratios at that age (see footnote to Table 4 ). These data suggest that the increase in 'forbidden' T cells in these mice is preferentially in the CD4 + T cell subset as also shown in Fig. 3 . On the other hand, when Vp17a + T cells were detected at the 1-2% level in young or 20-to 24-month-old L^A. F-1 mice, their CD4/CD8 ratios were 0.6-fold that for the overall T cell population in PBL at the same age. Thus, when deletion was occurring normally, the CD4/CD8 ratio tended to be low.
It was of interest to determine whether thymectomy would affect the appearance of 'forbidden' T cells. As discussed above, the LN from the aged TX mice rarely exhibited any CD4 + or CD8 + V p 17a or V p 3 bearing T cells. The PBL of LAF, mice was examined 1.5 and 9 months following thymectomy. At 1 5 months the TX mice exhibited 0.53 ± 0 09 (n = 4) Vp17a + T cells as compared with 0.59 ± 0 1 in sham TX mice. At 9 months these values were 0.97 ± 0.26 (0/8 >2%) in TX mice as compared with 1 3 ± 0 42 (0/5 >2%) in sham-TX mice The PBL from older TX mice were not examined.
If the T cell education process in the thymus from aged mice is defective with respect to the deletion of self-reactive cells, an enhanced rate of T cell production such as occurs during recovery from y-irradiation might bring 'forbidden' T cells into the periphery. In an additional experiment, therefore, 12-to 15-month-old LAF, and (SxB) F-i mice were examined for the appearance of V p 17a + T cells in their PBL before and 1 month after exposure to 300 rad whole body y-irradiation No increase in Vp17a + T cells was detected in any of these animals (n = 8).
Discussion
In previous studies Vp distribution among CD4 cells was not found to change with age, neither at the mRNA level (3) nor at the Vp percent staining level (34) . In the present studies, when analyzing mice 2 years old or younger, expression of 'forbidden' Vp bearing CD4 + or CD8 + T cells was quite rare. Few mice showed staining for >1% Vp3 or >2% Vp17a in CD4 + and/or CD8 + T cells in LN. Similarly, staining in peripheral blood for these T cells was essentially negative in 20-to 24-month-old mice with the exception of Vp3 in (SxB) FT mice, where 60% of the mice showed low but detectable staining above the background established in young mice. Russo et al. (35) reported a similar slight increase in Vp3 and Vp11 staining in spleen cells in 18-to 22-month-old as compared with young BALB/c mice.
There are many differences between the design of the present study and those reported by others. Gonzalez-Quintial and Theofilopoulos (3) determined mRNA levels in pooled RNA from spleen. An occasional aged mouse with higher levels for Vp3 or Vp11 might have been obscured because of the pooling. In addition, they looked at spleen, while we analyzed individual mouse LN and PBL by staining for protein. + T cells were seen in the aged mice, as have also been observed in man (36) , but no mention was made of any such population bearing 'forbidden' VpS. In contrast to the 20-to 24-month-old mice, in the few mice of 30-36 months of age available for the present study, a significant increase in Vp17a + T cells was observed in both (SxB) F, and LAF, mice. Similarly, 30-month-old, but not 18-month-old BALB/c mice exhibited staining above the young mouse background for Vp11 + T cells. Where examined in more detail, the CD4/ CD8 ratios of the Vp17a + cells in aged (SxB) F, mice was variable, but high as compared with the overall CD4/CD8 ratios in aged mice.
As also previously observed (34), there was a major age related decrease in peripheral CD4 + T cells in all organs examined. Expressed on a percentage basis the decrease in CD4 + T cells was much greater than in CD8 + T cells, resulting in marked shifts in CD4/CD8 ratios, particularly in LN and PBL. This effect was greater in LAF, than in (SxB) F) mice. In contrast, age related change in the thymus with respect to a decrease in CD4 + CD8 + cells was much more marked in 20-to 24-month-old (SxB) F) than in LAF). Extrathymic T cell production in the liver is known to become relatively more prominent in aged than in young athymic mice (17) . These cells are said to appear also in the periphery and consist primarily of ap" CD4~CD8~CD44 + T cells (17) . However, Thus, forbidden Vp cells responsive to stimulation with superantigen, may be found in both these extrathymic T cell populations.
The responsiveness observed in LN from occasional aged mice, particularly from TX aged mice in the present study, is more likely to be due to T cells of extrathymic origin than to T cells that escaped the deletion process in the thymus. While in rare instances CD4 + or CD8 + T cells bearing the relevant Vp were found that could have been responsible for the responses to anti-Vp3 and anti-Vp17a, in most cases such cells were not detectable above background In addition, the increased responsiveness in LN and spleen from TX mice, in which increased DN T cells bearing the relevant Vp were frequently present, is in agreement with this interpretation. Whether these cells originated in the liver or in the intestines is not clear, but it has been noted by others that the extrathymic T cells of hepatic origin are prone to appear in peripheral lymphoid tissue from aged mice (17) , while IEL are not likely to appear in peripheral lymphoid tissue (8).
It is clear that the thymus in both 20-to 24-month-old (SxB) F, and LAF-\ mice is involuted, although we found the decrease in the percentage DP cells to be much greater in the (SxB) Fi than in the LAF, mice. It is possible, however, that involution accompanied by decreased MHC class II expression on dendritic cells in the medulla, such as described in CsA treated rats (25) , would occur only in the very old mice. Therefore, we cannot exclude the possibility that the T cells bearing forbidden Vp (primarily CD4 + ) seen in PBL from very old mice are of thymic origin and represent a real 'escape' from the deletion process. On the other hand, a progressive increase in CD4 + 'forbidden' Vp bearing T cells of hepatic origin also cannot be excluded. The responsiveness and other staining characteristics of the CD4 + Vp17a + T cells in PBL from very old mice still need further study.
